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THE EFFEOT OF SOLIDITI, BLADE SEOTION, AND OONTRAVANE
ANGLE .ON THE GEARLOTEEISTIOS GF AN AXIAL-TLOVW YAN

By B, Barton Bell and Lucas J. DeKoster
SUMMARY ;

An axial-flow fan was tested with 6, 9, 12, 18, and
34 blades and with two different blade sections. The
range of contravane angle and blade angle without contra-
vanes was extended beyond the scope of the tests of the
same fan pudblished itn NACA Report No. 729. The results
indicated that suitable fan control could be achleved
over a small range of quantity coefficient by varying the
contravane angle; the highest efficlencles were usually
obtained with the 12-blade fan; the rate of increase of
mgximum pressurs coefficlent and corresponding torque
coefflcient dropped with increasing solidity: and no large
differences were found for the two different blade sec-
tions.

Formulas are developed for computing lift coeffi-
clents from fan-characteristic data.. L1ft coefflclents
are presented for the condition of maximum fan-pressure
coefficient.

INTRODUCTION

A doctor's dissertation covering a comprehensive in-
vestigatlion of axlal-flow fans on the basls of aerody-
namic theory by Curt Keller was published in Switszerland
in 1934, Thils material was translated and abstracted dy
Prof, Lionel 8. Marks and is avalladble to American design-
ers in roference 1. The report of an extensive experi-
mentel investigation of esingle-stage axial dblowers is given
1n reference 2.

In connection with teste of airplane cooling systems,
the NACA conducted a series of tests on an axial-flow fan
with adjustable blades and contravanes. The results were
published as an advance restricted report in 1941, whioch




" has been revised and published as reference 3. One fan
with 24 blades of R.ATF. 6 section was tested over a lim-
ited range of blade and contravane aettinga.

Becquse of the possibllity that greater effielencles
might bPe obtained with a smaller number of blades for fans
handling a large volume of 2ir at a low pressure rise,
tests have now been mafle with four lower solidities. BSome
cooling and duct installations require a wide range of op-
erating conditions that might be obtained by a change in
bPlade angle. The mechanism required to control the blade
angles in a many-blade hudb leads, howvever, to serious me-
chanical complications and tests were included to show
tha.effeot of changing the angle of the contravanes to ob-
tain thls range of conditlons.

The curves for the characterlatice of a fan without
contravanes have been extendsed to blade angles of 70 to
cover the condiltions that will be encountered in installa-
tions in which the blades are directly attached to the
propeller spinner or make up the front fan of a dual-~
rotating palr.

The effect of alrfoll section is shown by making
additional teste with blades of NAOA 6412 section. Air-
folls of this sectlion have the maximum camber slightly
farther back from the leading edge than airfoils of R.A.F.
6 sectlon and have a maxXimum 1lift coefficlent of 1.687 as
compared with 1.49 for the R.A.F. section,

SYMBOLS

The results given in this report are presented in
terms of nondimensional coefficients, applicable to simi-
lar axigl-~flow fans.
These coefflclentes are defined as follows:

C, = e pressure coefflcient

P pn®D?

Op = —5— torque ocoefficlent

1 C
n = — -2 —3— efficlency



1~-304

Q,/nD3 quantity coefficient
Cp_ = gv contravane torque coeffioien;
v pQ~/D .
6, = —2% _ 114 coefficient
pwa . dA y
vhere
Ap pressure rise acrosse fan, pounds per square foot
ﬁ mass denslty of alr, sluge per cublc foot
n rotatlional speed, revolutlons per second
D fan diameter, feot
T torque, foot-pounds
Q quantlity rate of flow, cublc feet per second
Ty torque on contravanes
L 11f%
w veloclty relative to the blades
Ox solidity at radius r (Bb/2mr)
A disk area
B number of blad;s
b blade width
r radlue to any polnt

The following mdditional symbols are used in the
text and figures.

R radius to outside of fan (D/2)

r “ rgdius of hud (0.69R)

o

-

b Bb
o solldity LﬂR(l + ro/Ry]




Ty tofque on blades
Tg angular momentum in alr stream
L4 velocify

APy pressure increment across blades
Apy pressure increment across vanes
a stream angle betwoen contravanes and blades, degrees

blede angle at 0,714R, degrees

i 4 angle betweon 1li1ft and resultant-force vectors,
degroas :
4] angle betweon plano of rotatlcn and velocity of air

rolative to blados, degreos

8 angle of stagger, degrees

¢ contravane angle at 0.714R, degrees

\} final stream twist angle (average), degrees
APPARATUS

The test apparatus was essentlally the same as that
of referenco 3. Figure 1l shows the hubs with the varl-
ous numbers of blades. TFTer the tests of five solidities
a 24-blade hub was used with 24, 12, and 6 blades and an
18~blade hub was used with 18 and 9 blades. The corre-
svonding solidities are: '

N¥umber of blades, Solildity,
B _ g
6 0.21
9 .33
12 .43
18 .64
24 .86

In order to minimize the effects of unavoldable dif-
ferences in blade setting, the tests for the highest




solidities were made first. Lower-solidity tests were

thén madé by removing the appropriate blades and substitut-
ing steel plugs, which gave surfaces flush with the hub.
The blades remaining for the low-solldity tests wero thus
undisturbed from their original setting.

The origlnel bPlades used 1n the fan in the teste re-
ported in reference 3 are of R.A.F. 6 section with a maxl-
mum thickness of 12 percent of the chord. Nach blade "has
a straight twist of 2° per inch of blade length and 1s not
tapered. TFor the tests reported herein, 24 additlonal
blades were made similar in all respects to the origlnal
cnes but of NACA 6412 airfoll section. (See fig. 2.)

TESTS

As 1n reference 3, nll tests were run at a speed of
3600 rpm except for cases 1In which the torque would ex-
ceed 36,5 foot-pounds; tests 1n thles range were run at
maximum torque.

With a blade angle of 25° and with the R.4.F. 6 blade
sectlon, =a aeries of tests was made for contravane angles
ranging from 40° to 115° The nngles were memasured with
respect to & plane Berpandicular to the axis of the fan.
Angloes less than 90~ 1ndicatc that the contravernes were
turning the air against the rotation of the blades; for
angles groater than 50° the alr was turned in the direc-

t1on of tho blade rotation.

Tests wore run at the flve soliditios for both air-
foll sections for blade angles of 25°, 35° ,and 45° with-
out contravanes and for a blade angle of 25 with contra-
vanes set 70

Tosts werc mlso run with 24 blades and no contravanes
at bledo angles from 200 to 70° for the R.A.¥. 6 blade sec-
tion and from 2P to 65° for tho NACA 6412 blade sectlon.

RESULTS AND DISCUSSION

Extondod contravane sngzles.~ The resulte of the tests

on oxtendod contravanc angles are glven in figures 3, 4,
and 5, Test points aro omitted from these curves for the



sake of olarity. In figure 6 the values of OP, Cp, T,
and Q/nD® have been plotted againet $ for the condition
of maximum efflclency. The efficlency between the values
of P = 55° and P = 865° 18 reasonadbly satisfactory.
These same cosfficlents have been plotted in figure 7 for
the condiltion of maximum cp There appears to ba a stall

in the contravanes at some point between $ = 650° and P =
40° This stall has probably eaused an excesslve pres-
sure drop through the contravanes and thereby decreased
the fan pressure cosfficlent,

For s fan oporating at a fixed Q/nD®, considerable
variation of pressure mnd torque can be obtalned by vary-
ing the contravane angle. TFor example, a fan operating

at a Q/nD® of 0.45 with 35° blade angle, the  Pressure
coefflclent can be variled from 2,46 at § = 50° to almost
goro at @ = approximately 100°. There would, at the same
time, be a decrease 1n torque coefficient from 0.228 mt
p = 50° to 0.06 at @ = approximately 100°. The effi
clency will Ye greater than 80 percent between $ = 55°

Cp = 2,35 and p = 79° Cp = 1.4 and will drop off rap-

idly as ¢ increases. Lhe torque and pressure, however,
will also drop off rapidly, with the result that the
wasted power 1s very small, .

Although those tests have been run at only one blmde
angle, the same goneral trend would probadbly take place
at any othor blade snglo. A fan deslgned with controllable
contravanos would have » ;airly satisfactory means of pres-—
sure control 1f the Q/nD range woro not too great.

Effect of go0lidity.~- The results of the solldity tests
are presented in flgures 8 to 39, Curves for the R.A.F. 6
section are given in groups of three showlng varlation of
Chs» Cp, and M with Q/nD® for different blade angles
in flguree 8 to 19; elmilar curves for the NACA 6412 sec-
tlon are given 1in figures 20 to 31. The variatlion with

solidity o of Op » ©Cnp, Q/nD and T for the twe
Phax

sections are shown in flgures 32 to 39,

The curves of Op and Or aghinst Q/nD® for the
different blade angles and both blade sectlons definltely
show that the slope of these curves changes wilth solldity.
The Q/nD® for Op = 0 and Op = O nlso decreases with
increasing solidity. This decrease might be attributed to
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the incremsed blecking of the larger number of dblades,

The best efficlencies were obtained for the 9- or 13-
blade fan. In most cases the efficiency for the Z4-blade
fane was 4 or 6 percent lees than the maximum., There was
little difference betweon the two blade sections in the
trend of efflciency for different numbers of blades, Flg~-
ures 32 to 39 were cross-plotted from the other flgures
for the condition of maximum pressure coofficient, When
these curves were cross-plotted, it was remllzod thnt the
blade angles for the 18-~ mrund 9-blade tests might have

boen slightly different from the blade angles for the 24-,
12-, and 6-blpde tosts bocauso of the difficulty of accu=-
retoly sottling tho blados.

Thoso curvee show that while Gp ' incronses with
. max

solidity for anll the cnsos tested, the slope ¢f the curves
1g decronsing. Tosts havo not baon mads for a sufficlent-
ly high so0lidilty to warrant tho assumption that, beyond a
cortaln solldilty, no incromsc 1in praesure can Dpo oxpocted.
With the oxcoption of curves for B = 45° no contra-
vanes, the varlation with solidity is practically the same
for both dPlade moctions. Tao officlonecy at cpmax shows

tho valuo of contravnrnos 2t hish solidity. A% low solld-
ltlos, highor officionecy ie obtAinod without contravanes,
bocause tho contravancs abscrd too lerge = part of the fan
preseuro risc.

Extondod blado-rpzlo toght.- Figuree 40, 41, n~hd 42
show tho fan charactoristics without contravance, with
R.A.¥. 6 blrnde scctions, for blede anglos fronm 20% %o 70°.
Similar rosulte for tle NACA G412 blande soction aro shown
in figzures 43, 44, and 453. Tho curves arc dlecontinued
at tho stall. For both blade sections, the m%ximum pros-
suro comos at or near the stall up to B = Boyond
B = B56° tho maximum prossure doceps not occur at the stall,
Thoro appoars to bo little echoico betweon the two blmde
sections, olthor on the basis of maximum prossure or on
tho basls of officlency. Tris statomont cannet, howover,
be definltoly mado with rospoct to afficlency at thoe high
blado anglos, bocnuso tho equipment 41d not pormit tho
test to reach tho point of maximum efficloncy nt angles
above B = 4B5°

Flguros 46, 47, Aand 48 show the fan characterlistics
for oporation with blades of NACA 6412 sectien at P =
70° A comparison of thoss curvos with those for tho
R.A. F 6 blado mectlon in roferonce 3 1indicates a slightly



higher efficliency with the R.A.F. 6 bPlades and also a
elightly higher maximum pressure except at high blade an-
gles. '

Ags a check on the method of measuring pressures, a
nanometer was connected to static orifices on each side
of the fan. One slde of the manometer was connected teo
an orifice in the outer fan casling upstream of the contra-
venes; the other slde was connected to two orifices down-
‘stream of the fan. One orifice was in the outer casing
and the other was 1in the c¢ylindrical part of the hud falr-
ing. Valucas of GP were computed from the manonmeter

readings and are plotted agailnet Q/nD® 4in figure 49.
The curve was obtalnsd by the method described in refer-
encoe 3, The orifices cn the downstream side of the fan
will give statlc proessure 1f there is no rotatlion 1in the
alr stream, and the manonaeter willl then give the truec
pressuro rise across the fan. Trom the stroam anglos for
the condition B = 25°, § = 60°, the valuoe from the
manonotor reading aro soccn to fall on the curve near the
point whorec Wy = 00,

DETERMINATION OF LIFT COErFICIENT

In order to caleculate the 1ift ecoefficient of an alr-
foil, it 18 ncecoessary to know the force on the ailrfoll
snd the direction and magnitude of the mean relative ve-
locity., The vector dlamgreme for these forces and veloci-
tles ere ghown 1n figure 50. The determinastion of the
11£% coeiflicient of a blade section from fan characterle-
tice nust necessarily involve certaln assumptions. These
agssumptions mainly concern the varlation of velocilty,
torque, stream angle, and pressure along the rndius. The
velocity is assumed to be constant over the disk area.
This aseumptlon may be slightly 1n error due to effects
of boundary layer amnd tlade-piltch distridbution, dut it
appears to be the most prectical assumptlon. The torque
loading is mesumed to be ccnstant over the dlsk area
both for the contravenes and for the blades, that 1s, the
torque per unit dlsk area 18 constant aleng the radlus.
From these assumptlons and observations of the stream an-
gle, n torque coeffliclent for the contravenes can be com-
puted.

Determination of CTy.- Thoe nondimensionnl coeffil-
clont 1s defined ns
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.Tv

O - = ——moms
Ty ™ pR°/D

order to determine 'ch' 1t 1ie thorefore necessary

to obtain Tv from the blower charamcteriatice,

b Ty

¢
v pq®/D  p@?/D

Cop

In order to evalunte T, the rotationsl momentum
in the ailr stremm 1s considered

R

n
L. J/ rV tan ¥ pdl

To

Substitution and integration zive

m = ._?_ X [ - (ro/R)iJ_ X F.)_g_a.
S 3 [ - (r,/R)?)® R

tan ¥

Evaluatlion of the constants, where ro/R = 0.69, glves .

pQ’
Tg = 1,088 —5— tan

Therefore,

Le

Co

(o} B ——
Tv (Q/nDs;E

--1.038 tan V (1)

contranvane torque coeefflclent ch vAe computeh

from eguation (1) for each test polnt of the runs with
contravanes. These polnts were then arithmetically aver-

egoed for
rerdlngs
A falred
ues from
tions.

each contravane angle. The averages of these
pre plotted as points on the curve of figure 51,
curve was then drawn through the points and val-
the falred curve were used in further calcula-
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In the orloulations of
opoerating condltion must be
fan design, the condition of
chief point of interest. In
gure occurred st or near the
¢ided to compute the Oy of
af 0p

max

Detvrmination of O, f

the 1lift coefficients, some
choeen., In connection with
maximum pressure 1s the

most cases the maxlmum pres-—
stnll. It wes therefore de-
the bdlades for the condition

rom torque considerations .~

Consider the increment of lift 4L on An annulus of area
dA at radius r,
0 = —=24L.
pwao-ru
daTy ‘cos Y
dL =
r sin(g +.Y)
Ty
If 1t 18 assumed that dTb = 3 dA
2rydA cos Y
C o X
Arpw®cpdA  sin(p + )
3
L=211(1.._.._> xsin_ﬁcos‘Y
o (Q/nD ein (6 + V)
Evaluation of the constante where r,/R = 0.69 glves
1 S4E Cm- sin 6 tan 6
6y = —-— -"ig X (2)
o (Q/no3) tan B + tan
Ten € 1a doterrined as follows:
tan € = 17 v
D £ 4+ 4 (T Y - v T
™ 2 > tan o tan )
tan €@ = - 3 21
e TyE] T ] .
—_— — —_— - R o T — H
5 [1 (R ) j i §/iTT vAL O ten
tan 6 = -~ 2 (3)
2.565 E a;’—h—l)-a + tan o - tan VY
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-In order to determine tan m,-*con&idar an annulus of
srea dA ‘at’' A radius ' on the contravanes,

am, = =T au

. st e aTy = - IY x anr. ar

,,,ra o3

L ‘But from bunaidaration oi the rotnt;onal momentum,
dTv = rv~tan .o 'pdQ,: .

t.an_a'n—a.———

e 5[ 1A

" tan a

§4)

For tke oporation without contravanes. an annulus at
radinue r ‘is considerod and +%an VY 18 computed as fol-

lows:- -
aTy = 4T . . :
.- m :n_ -
4Ty = ]P X '2nr 4r

" Fron momentum caonsidoratdons, 4T = rV tan W pdQ

fan y = ;———

. '-.'-;:I (e "%'

.1 . """m- . - _
% = 0, aas . (5)

For operntion with contravanes, the centravane torque
coefficlont wns developed from observed values of V¥ dy
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equation (1). Rearrangingz this equation and sudstitutingz
it in equation (5) for conditions eof Op, = O gives

Op Crp 1
X

L (q/ud®)  (q/mp®)° 1-0%8

0.833

The direction of the inflow voeloclty 1s computod fron
Gy, by equation (4), which gives the etream angle amhead

of the blades a as a function of r/R. Thie equation 1e
rigorous only for tho condition at which the blades have
tho propor piteh dlstribution to give a conetant torgue
disk loading. When ch = 0, for oexample, tho equation

would indicate that a = 0 for all r/R values. But,
bocause tho twist in the blades i1s unchanged from the de-
slgn operating conditions, the angle will be negative at
the root and positive at thoe tip, At some particular
radius, howover, the mangle will be zero, as lndicated by
equation (4). The computed final etream angle Y is alseo
assunod constant slong the radius. This massumption will
be true for VY = 0. At other computed values of VY, this
assumption will not be true dut VY will vary along the
radiue, and the computed value will be the mean value.
Without contravancs this distribution along the blades

can bo conputed from equation (6). If the two expressions
for final stream Aangle are equated feor ch = 0, a value

of r/R = 0,854 1is found for which equation (1) will give
tho samde strean anglo as computed from equation (5). At
this redius, the values of ¢ ns computed from equation
(5), nnd « as computod from equatien (4) will be mpprox-
inately eorrect for all values of P. This value of r/R
18 approxinately esqual to the value of r/R for which the
outeide and inside disk aroas are equal, The value for
oqual areas is r/R = 0,869, Consequently, a value of

r/R = 0,86 wae seloctod as the station for which to com-
pute the value of Oy.

In tho conputation of the 1li1ft coofficlonte for max~
imum pressuro coefficlent, the values of On, Op. and

Q/nD® were plcked fron the fan curves. These values

were plottod mgainst P for condition of oconstant ¢ and
o, agalnst @ for conetant P and o, and agalnst o
for constant @ and B. Valuos wero picked off those
faired ocurves frcm which to compute 0. In all cases
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vas computed from the value of 0T, by equatien-(1) or by
equation (5). A value ef tan ¥ = 0,06 was arbitrarily
sssumed. This assumption may be in error but 1is of second-
ary lmportahce because 1t does not materlially affect the
value of .0y.

The computed values vf C; are plptted for varicus
solidities against the etagger angle s 1in figures 52 to
55. The stagger angle 8 18 defined as the angle betwesen
the incoming air and the plana of the blades.

v

tan 8 =
mnD §-+ V ten o

tan 8 =

1
3 r _\2
= [1 - (—2> ] z X 1 5 + tan a
4 R R Q/nD

tan 8 1 (8)

1
1,293 £ + %
2 Q/nDa an o

Determinaticn cf Op from pressurs cceffisients.- The

11ft coefflclent on the blados may aleo be camputed from
conglderation of the prossursc measuremants, The pressure
rise across the blades is not, howover, the total pressure
rise across tho fan but 1s oqual to the pressure rise
acrosse the fan plus the prossure A4drop across the contra-
vanes,

Ap-b a Ap + Apv
If an annulus of the fan at radius r 18 coneldered,

24L

Cy =
L
pwio,pdA

aL = cog Y
Apy Ak cos (g + ¥)

2Apy, 44 cos Y
— X
pw opdh cos (6 + ¥)
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N P S prrp
8 B (Q/nDs) cos?a cos (8 +Y)

e

Evalurtion of the constants (r,/R = 0.69) gives

] c 1 :
01, =1.18 f_/__ [0_339 P _ _ ] -1} tan e sin 9 ()
d (Q./nDa) COB l-tan 6 tan ¥

For the condition of no coitravanes, o = 0,

r/R Cy tan 6 sin 9

Cy = 0.40 x X (8)
L g. (Q/nnaigr 1l - tan 6 tan Y

Tho velues of @ as computod from equation (8) are
plso plotted in figures 52 to 66. This method of comput-
ing Cp from pressure characteristics 1s probadly not so
accurate as the method from torque characteristiecs. In the
mothod of computing Cp from pressure codfficlents the
assumption 1s made that both tho pressure and torque loading
gre condtant over the diek area. The calculation of pres-
sure drop through the contravanes neglects the drag of the
contravanes, .

If the two blade eections tested are compared on the
basls of computed 1ift coeffleclents, the curves of fig-
ures 652 and 54 show that the NACA 6412 sesctlon gives a
higher C1 at the upper end of the stagger-angle range;
whereas tke values are nearly egual or slightly higher for
the R.A.F. 6 blade section at stagger angles below about
16° to 24°, depending on the solidity.

In 1gure 63, the four polnts plotted at stagger an-
gles below 2° do not gseem consletent wlth the rest of
the curve. These values were taken from tests at blade
angles of 10° and 15°., At these low bladeo angles, there
1s no definlte stall and no true maxinmunm CP. The stag-

ger angle cannot be emall enough actually to etall the

blades. The maximum limlt on the angle between the blade
and the incoming alr (B - e) -1s equal to B when s = O,
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which 1s the condition of Q/nD® = 0. The angle of the
alr approaching the blades, therefore, cannot bocome large
enough to gtall them, When 'Q/aD® = 0, the 1lift coeffi-
clent is ihdeterminate 1f any pressure 1s developed or
torque 1s absorbed. .The baslo assunptions for computlng

01, "bécome invalid aes this condition ie approached. The

foregolng derivatlions for 1lift coeff%cients are thus seen
to broak.down nt low ¥aluts of '~ Q/nD".. Pressure that 1is

‘produccd with -no alr flow through the fan is evidently the

rosult of a clrculation around oach individual blade.

The excessive scatter of polnts fer the data taken
from tests with contravanos, - as shown in figures 52 and 53,
ls probably due to variation frem the assumed distribu-
tions of veloclity, pressure, rnd torque. In most casos
tho agroomont betwoen calculations from pressure curves
and torquo curves 1s satiefactory.

Therc 1s noed for additional data from Airfoll cas-
eade tosts wlth rospoct to 1l1ft coefficlont nnd angle of
attack, from gero lift to the stanll and beyond to a polnt
corresponding to zoro gquantity, for various, solidities
and various airfoill soctions. o

SUHMARY OF RESULTS

Tests of an axiepl-flow fan with 6, 9, 12, 18, and 24
blados of R.A.F, 6 and NACA 6412 nairfoll section through
a rango of contravanne and blade angles indicate:

l. A change in the contravano angle was a sultadle
means of controlling the pressure output of n fan when
tho quantlty range of operatlon was small,

2. Tho l2-blade fan gave tho highest efficlencles
1n nearly all casos,

3, The drag of the contravanos caused A falling off
of the efficloncy at low soliditiocs.

4, Tho angle of attack for mzoro pressuro and torquo
docroasod with incroasing solidity.

5. No larzo difforonces appeared in the characteris—
ticae of a fan with blndes of R.A.F. 6 soction and of
NACA 6412 soctlen.
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6. The NAOA 6412 sectlion showed a slightly higher
computed 1lift coefficient than .the R.A,F. 6 sectlion for
most conditions, but the difference was not of the order
indicated by conventional airfoll teats.

7. At maximum pressure coefficlent the 1ift coeffi-
cient considerably decreased with increasing solildity,

Langley Memorial Aeronautical Laboratory,

National Advisory Committee for Agronautics,
Langley Fisld, Va.
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d=10.21
Figure 1.~ Fan wheels of various solidities.
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